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A p r i  1 1966 

Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n  

Semi -Annual Progress Report 

NsG -394 Supp 1 ement 2 

The repor t s  t h a t  f o l l o w  comprise t h e  va r ious  
p r o j e c t  r e s u l t s  dur ing  t h e  p e r i o d  f rom 7/13/65 t o  
1/31/66 from t h e  research suppor ted under t h e  gran t  
NsG-394 Supplement 2. I n  add i t i on ,  the var ious  
a c t i v i t i e s  (not  of s p e c i f i c  p r o j e c t - t y p e  research) 
repo r ted  i n i t i a l l y  i n  the  February 1965 semi-annual 
repo r t  have cont  i nued. 

area a r e  grouped together  i n  t h e  same order  as i n  t h e  
i n i t i a l  research proposal of February 1965 i n  o rde r  t o  
f a c i l i t a t e  review. Several repo r t s  e i t h e r  announce a 
f o r t h c a n i n g  t a l k  which i s  a l ready  scheduled t o  be 
presented a t  a conference o r  a r e  accompanied by a paper 
which i s  t o  be submi t ted  f o r  p u b l i c a t i o n ,  a l l  o f  which 
i s  based on t h e  work du r ing  t h i s  per iod.  

The repo r t s  w i t h i n  a m u l t i d i s c i p l i n a r y  research 

It i s  expected t h a t  severa l  o t h e r  p r o j e c t s  w i l l  
have papers ready for  p u b l i c a t i o n  du r ing  the  coming per iod ,  
i n  p a r t i c u l a r ,  those p r o j e c t s  i nvo l ved  i n  the  research on 
the  deHaas-van Alphen e f f e c t  and the  research on t h e  e f f e c t s  
o f  l o w  temperatures and magnetic f i e l d s  on b i o l o g i c a l  
t i ssue .  I n  a d d i t i o n ,  a t  l e a s t  one repo r t  i s  i n  
p r e p a r a t i o n  and w i l l  be submi t ted  du r ing  the  next 
6 months as an Adelphi  U n i v e r s i t y  repo r t .  A l though 
these a r e  f u t u r e  p u b l i c a t i o n s  t h e  r e s u l t s  t o  be used 
i n  these r e p o r t s  w i l l  be based on the  research conducted 
p r i m a r i l y  du r ing  t h i s  per iod .  

e 
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T I T L E :  The DeHaas-van Alphen E f f e c t  i n  Bery l  1 ium 
by D r .  R ichard W. Genberg 

The deHaas-van Alphen (DHVA) e f f e c t  i s  t he  
o s c i l l a t o r y  behavior  o f  the diamagnet ic s u s c e p t i b i l i t y  
i n  meta ls  a t  l o w  temperatures. The d e t e c t i o n  apparatus 
f o r  thelDHVA e f f e c t  cons i s t s  o f  a n u l  1 - d e f l e c t i o n  t o r s i o n  
balance and i t  has been completely assembled. C a l i b r a t i o n  
o f  t he  t o r s i o n  balance has been conducted us ing  a s i n g l e  
c r y s t a l  o f  bismuth, and a t  maximum s e n s i t i v i t y  e x c e l l e n t  
r e s o l u t i o n  has been achieved s ince  a torque o f  9.001 
dyne-cm. can be r e a d i l y  resolved. 

Since the  magnetic s u s c e p t i b i l i t y  i s  p r o p o r t i o n a l  
t o  sin(W/H), t h e  s i g n a l s  can be more e a s i l y  analyzed i f  
t h e  magnet ic f i e l d  v a r i e s  i n v e r s e l y  i n  t h e  t ime. Such 
a f i e l d  v a r i a t i o n  produces s i g n a l s  o f  constant  frequency, 
p e r m i t t i n g  the  use o f  f i l t e r i n g  techniques i n  order  t o  
separate t h e  va r ious  components o r  f requencies.  Once 
separated t h e  i n d i v i d u a l  components can be r e a d i l y  
analyzed. For t h i s  reason a curve f o l l o w e r  i s  be ing  
programmed t h e  ou tpu t  o f  which w i l l  d r i v e  the  f i e l d  
a p p r o p r i a t e l y .  We have been moderately successfu l  w i t h  
the  f i e l d  d r i v e  thus f a r .  

Un fo r tuna te l y ,  the h i g h  p u r i t y  b e r y l  1 ium s t o c k  
a t  Nuclear Metals, Inc., has been con f i sca ted  by t h e  
A.E.C. Since t h i s  i s  t h e  o n l y  h i g h  p u r i t y  s tock  
( R R 8 g  1,000)" o f  which we a re  aware, we s h a l l  p lead 
w i t h  Oak Ridge f o r  a few specimens. I n  the  i n t e r i m  
we s h a l l  i n v e s t i g a t e  tk DHVA e f f e c t  i n  o t h e r  m t e r i a l s  
i n c l  ud i ng t i t a n  i urn. 

I t  should be mentioned however t h a t  t h e  specivens 
o f  t i t a n i u m  p r e s e n t l y  a v a i l a b l e  a re  no t  o f  u l t r a h i g h  p u r i t y  
and t h i s  may prevent  us from observ ing  the  DHVA e f fec . t .  
We s h a l l  pursue the  mat ter  u n t i l  a d e c i s i o n  can be made. 

'NASA Grant, NsG-394, Feb. 1965 

"res i d g a l  r e s  I stance r a t  I o  

e 



TITLE: Ef fec ts  o f  I r r a d i a t i o n  on Thal l iu-r !  S u b s t i t u t i o n a l l y  
Cieposited i n  K C 1 : T l )  -- by O r .  Anthony Lenos 

The attachecl manuscr ipt  i s  t o  be submi t ted  f o r  
p u b l i c a t i o n  probab ly  i n  the Phys ica l  Review) sgve t i 7 e  

has been done d u r i n s  t h e  past year .  The paper i s  s t i l l  
i n  rough d r a f t  form and hence t h e r e  may be c e r t a i n  
typograph ica l  e r r o r s  and minor omiss ions.  I n  b r i e f ,  
t h e  paper i s  concerned w i t h  o b t a i n i n g  a r i g o r o u s  f o r v u l a t i o n  
o f  t h e  o p t i c a l  a b s o r p t i o n  and emiss ion phenomena assoc ia ted  
w i t h  deep e l e c t r o n i c  t r a p s  i n  the  a l k a l i  h a l i d e s .  O f  
p r imary  concern i s  t h e  de te rm ina t ion  o f  t h e  nuvber o f  
phonons s t o r e d  i n  t h e  l a t t i c e  as a r e s u l t  o f  e l e c t r o n i c  
t r a n s i t i o n s ,  t h e  Huang-Rhys fac to rs  (which a r e  a measure 
o f  t h e  phonon broadening o f  t he  o p t i c a l  a b s o r p t i o n  and 
emiss ion bands) and the  Stokes S h i f t .  General forms f o r  
these terms a r e  developed F i n a l l y  numerical  c a l c u l a t i o n s  
a r e  vac'e f o r  t h e  F-center .  The r e s u l t s  show reasonable 
agreement w i t h  exper iment .  

i n  A p r i l ,  19 A 6 .  I t  represents  i n  p a r t  t h e  work which 

The a t tached manuscr ipt  appears i n  the  Appendix. 
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TITLE: X-ray Studies o f  Rad ia t ion  i n  C r y s t a l s  by D r .  A l f r e d  Zajac 

The m u l t i p l e  anomalous t ransmiss ion  o f  x - rays  
( t h e  m u l t i p l e  Borrmann e f f e c t )  through p e r f e c t  c r y s t a l s  
can be t r e a t e d  t h e o r e t i c a l l y  by e v a l u a t i n g  t h e  normal 
modes o f  p ropagat ion  o f  the  e lec t romagnet ic  wave f i e l d  
i n  the  c r y s t a l .  (The i l l u s t r a t i o n  o f  t h e  method has 
been presented fo r  t h e  two f i e l d  case i n  gervanium by 
E. J. Saccocio and A .  Zajac, "On the  Proper Elodes o f  
Propagat ion o f  X-rays", Acta Cryst .  18, 478 (1965). 
The th ree  f i e l d  case has been treate-bby E .  J. Saccocio 
and A .  Zajac, "Simultaneous D i f f r a c t i o n  o f  X-rays and 
t h e  Borrmann Ef fect " ,  Phys. Rev. 1;14, A255 (1965). The 
f o u r  f i e l d  case has been so lved b Chiu Ng, M.S. Thesis, 
Pol .  l n s t .  o f  Brooklyn, N.Y.(1964J. 

The r e s u l t s  obta ined i n  the  t h r e e  and f o u r  
f i e l d  cases i n  germanium were s tud ied .  I n  p a r t i c u l a r  
i t  was found t h a t  o n l y  c e r t a i n  modes a r e  anomalously 
t ransmi t ted .  The in f luence o f  t h e  form o f  p o l a r i z a t i o n  
o f  the  i n c i d e n t  beam on the  tramsmission o f  the  var ious  
modes was i n v e s t i g a t e d .  Resul ts o f  experiments on 
t h e  anomalous t ransmiss ion  o f  x- rays i n  t h e  th ree  and 
f o u r  f i e l d  cases i n  germanium were obta ined.  I n  these 
experiments t h e  i n c i d e n t  x - ray  beam was monochromatized 
and p o l a r i z e d  by anomalously d i f f r a c t i n g  i t  through 
another  p e r f e c t  germanium c r y s t a l .  

The methods o f  o b t a i n i n g  the  normal modes o f  
p ropagat ion  o f  t h e  e lect romagnet ic  wave f i e l d  i n  less  
symmetric c r y s t a l s ,  such as c a l c i t e ,  were i n v e s t i g a t e d  
a l s o .  

A r e p o r t  w i l l  be submit ted i n  June which w i l l  
be s u i t a b l e  f o r  p u b l i c a t i o n  as a NASA Technica l  Note. 
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TITLE: Plasma C h a r a c t e r i s t i c s  by D r .  Te r ry  Morrone 

Work has s t a r t e d  on programming a d i g i t a l  computer 
i n  F o r t r a n  f o r  s o l v i n g  t h e  Boltzmann equa t ion  f o r  a plasma. 
Wi th the  inputs  t o  t h i s  f i r s t  program be ing  a s e t  o f  
c o l l i s i o n  cross sec t i ons  f o r  a gas p l u s  a va lue  o f  t he  
e f f e c t i v e  e l e c t r i c  f i e l d ,  the  o u t p u t  i s  t h e  e l e c t r o n  v e l o c i t y  
d i s t r i b u t i o n  f u n c t i o n .  More compl icated problems i n v o l v i n g  
Coulomb c o l l i s i o n s  and o p t i c a l l y  produced plasmas w i l l  be 
a t tacked  l a t e r  on. 

P r e l i m i n a r y  t h e o r e t i c a l  work inc ludes  the  e f f e c t  
o f  plasma o s c i l l a t i o n s .  
from t h e  p o i n t  o f  v iew o f  Dawson and Oberman . They 
compute t h e  c o n d u c t i v i t y  f o r  a f u l l y  i o n i z e d  plasma from 
t h e  Vlasov equa t ion  and f i n d  t h a t  plasma waves a r e  e x c i t e d  
when the  appl  i e d  f i e l d  frequency i s  near t h e  plasma frequency . 
We s r e  a p p l y i n g  t h e i r  method t o  a p a r t i a l l y  i on i zed  plzsma. 
TI1 i s i nvo 1 ves expand i ng the  ve 1 oc i t y dependence o f  t he  terms 
i n  t he  l i n e a r i z e d  Vlasov equat ion i n  Legendre polynomia ls  
and t h e  t i-ne dependence i n  a F o u r i e r  s e r i e s .  

We a r e  approaching \he problem 

On t h e  exper iwenta l  s i l e ,  a mercury d ischarge chamber 
has been cons t ruc ted  and t e s t e d .  I t  purnps down we1 1 bu t  
because o f  ou tgass ing  and small  leaks i t  cannot keep 
qe rcu ry  a t  one mic ron  pressure f rom be ing  contaminated w i t h  
s i r .  We a r e  c o n s t r u c t i n g  a cont inuous feed system and we  
l a y  have t o  pu t  i n  a "keep a l i v e "  e l e c t r o d e .  

A two w i  re  'nicrowave t ransmiss ion  1 i ne f o r  u s e  i n  
a plasma hss been t e s t e d .  The power t r a n s m i t t e d  i s  aborrt 
20 db less  than t h e  i n c i d e n t  power. We a r e  work ing on 
matching sec.t ions t o  decrease t h e  t r a n s T i s s i o n  loss .  

'Dawson, J. and Oberman, C., Physics o f  F l u i d s ,  Vol. 5 
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406 434 
439 422 
465 385 

B i o l o q i c a l  and Eco log ica lSys tems  i n  
Environments - by O r .  Harry  Brenowi tz  * 

447 464 391 446 401 410 
444 390 361 450 3?4 409 
503 422 369 376 416 408 

. 
The s tudy  o f  complex i n t e r r e l a t i o n s h i p s  between 

the  endemic popu la t i ons  o f  a d i s t u r b e d  ecosystem have 
been cont inued and extended t o  s p e c i f i c  f l o w  p a t t e r n s  
of t h e  dominant spec ies popu la t ions  a t  t h e  v a r i o u s  t r o p h i c  
l e v e l s  w i t h i n  t h e  system. I n  genera l ,  t h e  l a t e s t  work 
i n d i c a t e s  t h a t  a d i s t u r b e d  system can be dominated by a 
p r i v a r y  producer which b locks energy f l o w  t o  h igher  t r o p h i c  
l e v e l s  causing t h e  system t o  f a i l .  The f o l l o w i n g  l a b o r a t o r y  
experiments have been undertaken. 

1 .  The U t i l i z a t i o n  o f  t he  Marine A lga l  Form 
Nannochlor is i n  t h e  N u t r i t i o n  o f  the  Clam. 

Experiments have been performed u s i n g  r a d i o a c t i v e  14 C O2 t o  t a g  carbon t r a n s f e r r e d  from CO2 taken up i n  
photosynthes is  by Nannochlo s t o  clams grown i n  pure 
c u l t u r e s  o f  t h i s  a -uptake ga i n  t h e  clam can be 
demonstrated by o b t a i n i n g  h igher  than background r a d i a t i o n  

i t  i s  l i k e l y  t h a t  t h e  clam can u t i l i z e  Nannochlor is i n  
i t s  n u t r i t i o n .  

Three exper imenta l  groups were s e t  up: 

A .  Clams grown i n  pure c u l t u r e  of tagged Nannochlor is 
B. (Con t ro l  1 )  Clams grown i n  non-tsgged Nannochlor is 

C. (Con t ro l  2)l&lams grown i n  Nannoch lor is - f ree  

h counts when v a r i o u s  t i s s u e s  o f  t he  clam a r e  analyzed, 

pure  c u l t u r e .  

environment b u t  w i t h  C O2 i n  medium 

Lenqth o f  Time Exposed t o  Media (Hrs.)  

8 16 30 f33i 
n Exp, arclup .. & B c " B b n i3 c A i 3 C  r A 

Tissue anal  
e n t i r e  clam 
g i l l s  
adduct .musc. 
root muSc. r 

441 480 

461 450 
545 430 

346 427 
Background counts averaged 397 

4 

* 
The f i r s t  experiments have prov ided the above data,  which 

would seem t o  i n d i c a t e  t h a t  the clam does no t  use Nannochlor is 
as a food source. S i m i l a r  experiments a re  be ing  pe r fo rved  w i t h  
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t he  bay s c a l l o p .  P r e l i m i n a r y  r e s u l t s  would seen1 t o  
i n d i c a t e  t h a t  l i k e  t h e  clam, the  s c a l l o p  cannot u t i l i z e  
i\!;;nnl->chl?r i s . 

I I .  Th? U t i l i z a t i o n  o f  the  Marine A l g a s  F o m  

P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  t h e  copepods, 

t :annochloris i n  t h e  N u t r i t i o n  o f  Zooplankton. 

t h e  c h i e f  component o f  t h e  p r imary  consumers amongst 
t h e  Zooplankton do n o t  u t i l i z e  Nannochlor is .  

i l l .  R e s p i r a t i o n  o f  E s t u r i n e  Copepods as a Func t i cn  
o f  S a l l n i t y .  

A study has been conducted t o  deter{:-ine t h e  e f f e c t  
Cope- o f  s a l i n i t y  on t h e  r e s p i r a t i o n  o f  n e r i t i c  copzpods. 

pods were f r e s h l y  c o l l e c t e d  frorr e s t u a r i n e  waters and 
adapted t o  va r ious  s a l i n i t i e s  i n  t h e  l a b o r a t o r y .  Usins ;1 

m i c r o t i t r a t i o n  v o d i f i c a t i o n  o f  the  Wink ler  method f o r  
oxygen d e t e r v i n a t i o n  oxygen consumption o f  s v a l l  se lec ted  
g r o u p s  o f  copepods (25-35 animals)  wss measureg over  2 
'24 hour p e r i o d  a t  s a l i n i t i e s  f rom 14 /oo t o  36 /OQ. 
P r e l i m i n a r y  a n a l y s i s  of data i n d i c a t e s  t h a t  s a l i n i t y  has no 
s i g n i f i c a n t  i n f l uence  upon the  r e s p i r s t o r y  qiechanism o f  
copepods. This  suppor ts  the suggest ion thc7t t h e  osmreGu la to ry  
mechanisms o f  euryhal  i ne  microcrustacsa c o n s i s t s  o f  energy 
r i c h  e l e c t r o n  t r a n s f e r  s y s t e m ,  demanding ve ry  smal l  frc7ctions 
o f  t h e  t o t a l  me tabo l i c  energy. Fu r the r  a n a l y s i s  o f  data i s  
p r e s e n t l y  be ing  c a r r i e d  o u t .  

S a l i n i t y  (O/oo) 

Lacti po in t  represents the average of 10-30 t r i a l s .  
Mc',in copepod cephnlotriorax l en2th  per t r i a l  ranzes 
from -92 to .97 ram. 
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I V .  Test o f  Methods t o  Determine the  R e l a t i v e  
F i s h i n g  E f f i c i e n c i e s  o f  Three D i f f e r e n t  S i z e  P lankton 
Nets. Three s i z e  ne ts  6 " ,  12'' and 20" d i a v e t e r  openin s 
a r e  be ing  used. 

To da te  one complete s e r i e s  o f  samples were taken. 
The r e s u l t s  based on the one s e r i e s  i n d i c a t e s  a c lose  
c o r r e l a t i o n  between t h e  12" and 20" nets  f o r  9 of  10 key 
species counted. The 6" net had a c o r r e l a t i o n  based on 
3 o f  the  10 key spec ies .  Fu r the r  t e s t s  a r e  planned i n  
o rde r  t o  determine t h e  most accura te  way t o  dec ide the  
p l a n k t o n i c  popu la t i on .  

kumber o f  Organisms/Li t e r  o f  Sea Water According 
TO : 

Type C e l l  6" Net 12" Net 20" Vet 

1 .  Thal l a s s i o t h r i x  2,152 
2. A s t e r i o n e l  l a  39,150 
3 .  Skeletonema 222,000 
4.  Chaetoceros 2,460 
7. N i t z c h i a  8,712 

7. S i l i c a f l a g e l l a t e  307 
8. Nav icu la  410 
9. Coscinodisc 205 

10. A l l  C e l l s  457,540 

6 .  Rhizoso len ia  920 

5,200 2,750 

6,425 4,450 

93,930 98,939 
1 ,040,290 1 ,og9,2zo 

8 ? 875 11,230 
1,225 1,060 
1,377 1,275 
1,530 1,1155 
-0- 21 0 

1 ,223,865 1 ,313,1130 

I n  August and September 1965, the  " s m l l  forvc,", 
m a i n l y  Nannochlor is which had p r e v i o u s l y  been i n s i g n i f i c a n t  
i n  numbers suddenly bloomed i severa l  areas o f  the bay. 

t h z  s t a t i o n s  sampled. I n  a d d i t i o n  t o  the  experiments 
desc r ibed  p r e v i o u s l y ,  a d d i t i o n a l  work t o  determine the m u s e  
o f  a bloom o f  such p ropor t i ons  i s  be ing  planned. The 
p r e l i m i n a r y  da ta  seems t o  bear o u t  t h e  idea the  pr imary  
producer ,  Nannochlor is can and does b l o c k  energy f l o w  t 5  
t h e  h igher  t r o p h i c  l e v e l s .  

Organisms i n  excess o f  9 . 7 ~ 1 0  2 / m l .  were found a t  some o f  
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TITLE: The E f fec ts  of Some Phys ica l  Parameters on B i o l o g i c a l  
h a t e r i a l s  by D r .  R ona ld  G' I l l e s p i e  

This  research i s  concerned w i t h  a s tudy of t h e  
optimum ra tes  f o r  supercoo l ing  and thawing of  1 i v i n g  
t i ssue ,  t h e  e f f e c t s  of temperature changes on e l e c t r o l y t e  
c o n s t i t u t i o n ,  and t h e  e f fec ts  of  s t r o n g  magnetic f i e l d s  
on l i v i n g  t i s s u e .  More e x p l i c i t l y  these s t u d i e s  a r e  on 
s m a l l  animals and f a l l  i n t o  t h r e e  main areas. 

1. S u r v i v a l  f r o m  supercooled temperatures 
a. by use o f  a n t i f r e e z e  agents a lone and 

b. by va ry ing  t h e  r a t e s  o f  c o o l i n g  and rewarming 
c. by use of  animals o f  d i f f e r e n t  ages 

i n  combinat ion 

2. Changes i n  t i s s u e  e l e c t r o l y t e s  a t  d i f f e r e n t  
t empe r a t  u res 

3. E f f e c t s  of magnetic f l u x  and i o n i z i n g  r a d i a t i o n  
a lone and i n  combinat ion 

Resu l ts  up t o  the  present  i n d i c a t e  t h a t  s u r v i v a l  
f rom l o w  temperatures i s  app rec iab l y  increased by use o f  
a n t i f r e e z e  agents and f a s t e r  c o o l i n g  ra tes .  The e f f e c t  
of age on s u r v i v a l  i s  not as pronounced, a l though t h e r e  
a r e  some i n d i c a t i o n s  t h a t  younger animals s u r v i v e  b e t t e r  
than o l d e r  ones. F u r t h e r  s tud ies  w i t h  methods t o  increase 
t h e  s u r v i v a l  ra tes  o f  smal l  animals from temperatures below 
O°C a r e  be ing  conducted. Changes i n  t h e  pH and e l e c t r o l y t e  
components a t  d i f f e r e n t  c o o l i n g  r a t e s  a r e  be ing  measured and 
methods of c o r r e c t i n g  these as they  occur a r e  be ing  t r i e d .  
D i f f e r e n t  r a t e s  of rewarming by u s i n g  a r e c e n t l y  ob ta ined  
d ia thermy apparatus a r e  a l s o  be ing  i nves t i ga ted .  Some o f  
these s t u d i e s  a r e  done on whole animals and o thers  on i s o l a t e d  
organ per fusates.  B e t t e r  c o n t r o l  of t h e  environment i s  p o s s i b l e  
by  t h e  l a t t e r  method and the  data ob ta ined  i s  used i n  t h e  ex-  
per iments i n v o l v i n g  whole animals. Q u a n t i t a t i v e  r e s u l t s  w i l l  
be a v a i l a b l e  soon. 

P r e l i m i n a r y  s tud ies  w i t h  r a b b i t s  have shown t h a t  
lowered temperatures cause a l t e r a t  ions i n  t h e  e l e c t r o l y t e  
s h i f t s  between t h e  c e l l s  and t h e i r  environment, There i s  
Some evidence t h a t  t he  r a t e  of  potassium t r a n s f e r  i s  
a l t e r e d  as t h e  temperature changes. This e f f e c t  i s  i n -  
f luenced by a d d i t i o n  o f  a n t i f r e e z e  substances. 
exper iments a r e  be ing  expanded and b e t t e r  sampl ing 
techniques a r e  be ing  developed. 

These 
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Experiments w i t h  magnetic f l u x  and i o n i z i n g  r a d i a t i o n  
a r e  be ing  f u r t h e r  i n v e s t i g a t e d  w i t h  a l a r g e r  magnet w i t h  
h i g h e r  f i e l d s  and wider  p o l e  f a c e  separa t i on .  This permi ts  
l a r g e r  numbers of animals t o  be t e s t e d  a t  t h e  same t ime. 

S tud ies  a r e  also b e i n g  conducted on t h e  changes i n  
t h e  b l o o d  parameters i n  r e l a t i o n  t o  i o n i z i n g  r a d i a t  ion, 
magnetic f l u x ,  pressure, and temperature changes. The 
e f f e c t s  of these forces a re  be ing  t r i e d  a l o n e  and i n  v a r i o u s  
combinations. A p a r t  from assess ing t h e  changes which migh t  
occur t o  t h i s  system i n  space t r a v e l ,  t h e  p o s s i b i l i t y  of 
a l t e r i n g  t h e  l eucocy te  count without damaging t h e  organism 
might prevent  t h e  an t ibody  a n t i g e n  reac t i ons  i nvo l ved  w i t h  
whole organ t r a n s p l a n t s .  



c 

T I T L E :  Synthesis  and Physica l ,  Chemical P roper t i es  o f  New 
Metal AcetylaCetonates rolymers by D r .  A l f r e d  Vogel 

The goal o f  the  research work i s  t o  prepare a 
metal  c h e l a t e  o f  2 ,bpentanedione which has a halogen, 
p r e f e r a b l y  bromine, s u b s t i t u t e d  i n  the  one p o s i t i o n .  
I t  i s  expected t h a t  t he  bromine i n  the  che la ted  product  
o f  1-Br-2,4-pentanedione w i l l  no t  l ose  i t s  f u n c t i o n a l  
group charac ter  and thus w i l l  undergo a r e a c t i o n  such as 
a Gr ignard  which cou ld  lead t o  fo rmat ion  o f  s carboxy l  
group on the  c h e l a t e  molecule.  T h i s  can then serve as 
a s i t e  f o r  p o l y m e r i z a t i o n  w i t h  d i o l s  t o  form meta l -  
con t a i n i ng organ i c po 1 yme r s  . 

The l i t e r a t u r e  repo r t s  no 1 - s u b s t i t u t e d  halogen 
pentanedione metal  chelates (except 1 - f l u o r s  che la tes  
wh ich  do no t  undecgo reac t ions  a t  the  f l u o r o  group) .  
Var ious workers ? r _  have prepared q e t a l  che la tes  o f  3- 
bromo-2,4-pentanedione, but  t he  bromine i n  t h i s  p o s i t i o n  
i s  no t  a r e a c t i v e  f u n c t i o n a l  group, p robab ly  due t o  t h e  
a romat i c  cha rac te r  o f  t h e  r i n g  i t  occupies i n  the  che la ted  
s t r u c t u r e .  

l-Brom0-2~4-pentanedione has been prepared by 
a d a p t a t i o n  o f  two d i f f e r e n t  methods, and i n  each case, 
t h e  r e a c t i o n  w i t h  aqueous copper ace ta te  s o l u t i o n  has 
produced a w a t e r - i n s o l u b l e  che la ted  m a t e r i a l  which i s  
s o l u b l e  i n  o r g a n i c  so lvents  and has a decovpos i t i on  
p o i n t  a t  139-140OC. Analys is  showed the  presence o f  
t h r e e  bromine a t o m  i n  the molecule.  I n  o rde r  t o  
a s c e r t a i n  t h e  s t r u c t u r e  o f  t h i s  che la te ,  i t  has been 
compared i n  severa l  gays w i t h  known che la tes .  
m e l t i n g  p o i n t  a t  139 C i s  no t  t h e  same as t h a t  o f  t h e  
3-b romo-2,4 -pen taneci i one Cu che 1 a t e  (decoxposes 1 60-3YloC)  . 

a b s o r p t i o n  bands a t  1580 r e c i p r o c a l  cent imeters corresponding 
t o  t h e  pe r tu rbed  carbonyl  bonded t o  the  vetc71. I f  the re  i s  
a bromine i n  t h e  ? - p o s i t i o n ,  t he  b a n d  i s  s h i f t e d  t o  l ; , :> -  
r e c i p .  cm. I n f r a - r e d  spec t ra  have been r u n  on ( 1 )  copper 2, 
4-pentanedionate,  (2 )  copper 3-bromo-2,4-pentanedionate 
and (3 )  our  p roduc t  copper 2,4-pentanedionate c o n t a i n i n g  
t h r e e  bromine a t o i s .  

I t s  

I n f r a - r e d  spec t ra  on che la ted  pentanedione show 

Examinat ion o f  the spec t ra  ob ta ined shows t h a t  
( 1 )  and (3 )  b o t h  absorb a t  1580 r e c i p .  cn., w h i l e  the  
known 3-broino c h e l a t e  absorbs a t  1555 r e c i p .  cm. The 
c o n c l u s i o n  i s  then t h a t  t h e  b roq ine  atoms in t roduced i n  
t h e  produc t  we have a re  not i n  the  3 - p o s i t i o n .  The b rov ine  
atoriis must be s i t u a t e d  on the  te rm ina l  fnethyl  groups i n  
t h e  Ino lecule.  
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An at tev ip t  has been Inade t o  r e a c t  t h i s  copper 
che1ai.e 'w i th  ~ i i a g n e s i u ~ i  i n  d i e t h y l  e t h e r  t o  produce a 
Gr ignard reagent.  No r e a c t i o n  occurred.  Te t rahydro furan  
w i l ?  b e  s u b s t i t u t e d  for  d i e t h y l  e t h e r  as t h e  s o l v e n t  i n  
ilhe nex t  a t tempt ,  as the  h i g h e r - b o i l i n s  e the rs  w i l l  
induce rPl iActant h a l i d e s  t o  r e a c t  w i t h  magnesiuv and 
g i v e  a Gr ign3rd  reagent. 



-13- 

4 

TITLE: Physical-Chemical Proper t ies  o f  New S i  1 icone Polymers 
by D r .  F reder i ck  B e t t e l h e i T  

The purpose of t h e  p r o j e c t  i s  t o  syn thes ize  new 
s i 1  icones c o n t a i n i n g  t r i a z i n e  r i n g s  as the  c r o s s l  i n k i n g  
p o i n t  o f  t h e  th ree  dimensional a r r a y  and t o  st! !dy the  
mechan ica l -op t i ca l  p r o p e r t i e s .  

The s n t h e t i c  p a r t  i s  achieved i n  two rou tes ;  
Prepar ing b lock  polymers o f  s i l i c o n e s  
w i t h  s i t e  chains of - C t i 2 ,  -C6H,, -C6H4Cl ,  

- C  H C 1  
i nOo-? 1 i i;ea r po 1 yme r s  of va r i ec' coanpos i t i ons 

Cross1 ink ing  1 inear  s i  1 icones \,/i t h  cyant j r i c  
c h l o r i d e .  

a r  

and copo1yTeri;ing thgse b locks  

b )  

I n  p a r t  (a ) ,  a whole s e r i e s  o f  b l o c k  polymers were 
syn thes i zed .  I n f r a - r e d  spec t ra  and v o l e c u l a r  weight  d c t e r -  
m i n a t i o n  were r u n .  The b l o c k  polymers u s u a l l y  a r e  o f  
te t ramers,  w h i l e  the  s imp le  k y d r o l y s i s  products  d imers.  

The c o p o l y w r s  o f  the i - locks  i,sual l y  y ie ldec, 1 ir,c:nr 
polytvers w i t h  a degree o f  po1yp:erization o f  Q - l O .  I n f r d -  
r e d  spec t ra  conf i rmed the  i n c o r p o r a t i o n  o f  b locks  i n  the  
designed fash ion  Some o f  these po lyners  y i e l d e d  two phase 
produc ts  ( i . e .  one phase which was r i c h e r  i n  methyl  b locks  
hence be ing  o i l y ,  another  which was r i c h e r  i n  the  phenyl 
and ch lorophenyl  b locks  and be ing  s o l i d  s t  roopn temperature) 

c r o s s l  i n k i n g  d imethy l -s i loxanes  o f  snial l  mo lecu la r  weights  
( d i o l  t o  te t ramers)  w i t h  cyanur i c  c h l o r i d e .  The technique 
i n  essence i s  an i n t e r f a c i a l  condensat ion - the  d e t a i l s  cl\f 
which w i l l  be repo r ted  a t  the I n t e r n a t i o n a l  Symposium o f  
Macromolecular Chemistry i n  Tokyo, Japan on September ? p i ,  1 ' 6 C  
i F  the  t r a v e l  a l lowance i s  g ran ted .  (See a t tached a b s t r a c t ) .  

I n  p a r t  ( b ) ,  t he  f i r s t  success was achiev2d i n  

The produc t  i s  a thrge-dimensional  network which 
does n o t  decompose u n t i l  600 C and S i ,  N and i n f r a - r e d  
a n a l y s i s  i n d i c a t e s  an average o f  2 .5 c r o s s l i n k s  pe r  t r i a z i n e  
r i n g .  Improvement of t h e  polycondensat ion i s  now i n  progress 
a l s o  t r y i n g  t o  i nco rpo ra te  s i  1 icones of longer  degrees o f  
p o l y m e r i z a t i o n .  

t r i a z i n y l  e t h e r s  a r e  now under i n v e s t i g a t i o n  
S w e l l i n g  p r o p e r t i e s  of these new p o l y s i l o x a n e - s -  
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ABSTRACT 

I 

t 

(Paper t o  be g i v e n  a t  Tokyo by D r .  F r e d e r i c k  Be t te lhe im)  

Dimethy l - ,  d ipheny l - ,  b is (p -ch lo ropheny1) -  and 

b i s (3 ,4 -d i ch lo rophen l ) -  s i loxanes  and copolymers and 

b l o c k  copolymers o f  the  above were prepared w i t h  v a r y i n g  

degrees o f  p o l y v e r i z a t i o n s .  

w i t h  cyanur i c  c h l o r i d e  under a v a r i e t y  o f  c o n d i t i o n s .  

p o l y s i  l o x a n e - s - t r i a z i n y l  e thers  were cha rac te r i zed  by 

elementary a n a l y s i s ,  X-ray d i f f r a c t i o n ,  I R  spectroscopy 

T h e i r  mo lecu la r  weights and s o l v e n t - s o l u t e  i n t e r a c t i o n  

parsmeters were ob ta ined  by dynamic osmometer. 

These s i  loxanes were condensed 

The 
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APPENDIX 

Electron Trapping as A Function of  
Normal Modes 

1. In t roduc t ion  

Within t h e  f rarnework 0 f the "a diaba ti c-harmonic" 

approximation t h e r e  e x i s t s  a unique set  o f  normal l a t t i ce  

coordinates  corresponding t o  each bound F-center e l e c t r o n  

s t a t e .  These va r ious  sets of n o m 1  coordinates  are  r e l a t e d  

t o  one ano the r  by means of u n i t a r y  t ransformations.  

t ransformation matrices are dependent on the l a t t i c e  

equ i l ib r ium conf igu ra t ions  which i n  t u r n  are funct ions o f  

t h e  F-center e l e c t r o n  state. 

The 

I n  t h e  first port ion o f  t h i s  paper, t h e  matrices de-  

f i n i n g  t h e  t r a n s f o r m t i o n  between two d i f f e r e n t  sets of  

normal coordinates  i s  developed. 

then e s t a b l i s h e d .  

given a set  of  normal coordinates corresponding t o  a p a r t i c u l a r  

F-center state,  one m y  generate t h e  spectrum of  d i f f e r e n t  sets 

by successive a p p l i c a t i o n s  o f  u n i t a r y  t ransformations.  

t h e  ground state normal modes can be used as a basis set .  

The u n i t a r y  p r o p e r t i e s  are 

From these r e s u l t s  i t  can be seen t h a t ,  

Thus 

I n  t h e  2nd p a r t  of t h i s  a r t i c l e ,  t hese  matrices are used 

EO express  che eieccron crapping energy (1) Lor any bvuiirl s t a t e  

F-center t r a n s i t i o n  i n  terms o f  phonon eigenfrequencies  and a 

b a s i s  set  of normal coordinates .  

ene rg ie s  includes degenerate and non degenerate modes and does 

n o t  r e q u i r e  the  s o l u t i o n  of Feynman-Hellman ( 2 s 3 ) i n t e g r a ~ s .  

i s  i n  c o n t r a s t  t o  previous work. (1) 

This formulation o f  the t r app ing  

This 
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As a r e s u l t  of F-center e l e c t r o n  bound s ta te  t r a n s i t i o n s ,  

phonons are s t o r e d  i n  the  var ious l a t t i c e  modes. From t h e  

t rapping energy t h e  number o f  phonons s t o r e d  i n  t h e  va r ious  

l a t t i c e  modes i s  determined. W e  consider  only Frank-Condon 

Trans i t i ons .  

Huang-Rhys f a c t o r s  i n  t e r m s  of t h e  s to red  phonons. 

General expressions are then developed f o r  t he  

It i s  

shown t h a t  only under ve ry  res t r ic t ive condi t ion are they 

equal .  

I n  the  3 rd  p a r t  o f  the paper e x p l i c i t  c a l c u l a t i o n s  are 

c a r r i e d  ou t  f o r  the t i g h t  binding model o f  the F-center, where 

0 and D4h symmetry have been a s s o c i a t e d  w i t h  those bound states 

g iv ing  rise to  t h e  F-band. The numerical r e s u l t s  f o r  t h e  number 

h 

of  s t o r e d  phonons, Huang-Rhys f a c t o r s ,  and the Stokes S h i f t  of  

t h e  F-bands f o r  s e v e r a l  alkali h a l i d e s  are c a l c u l a t e d  and i n d i c a t e  

approximate agreement wi th  experiment. 

11. Transformation Between S e t s  Of 
Normal Coordinates 

Assume t h e r e  e x i s t s  a s p a c i a l  d i s t r i b u t i o n  o f  N-ions coupled 

t o  each o t h e r  i n  such a way t h a t  they make small o s c i l l a t i o n s  

aboui; a giveii &jiiili'i-i.iiiiii c~r;figarati~::. We define 2 3 N - d i m p n s i ~ n i l  

normalized displacement vector  E ,  having 3 N  components. 

convenience by X (0). The ground state 3N dimensional i i o r m l  

coordinate  v e c t o r  is r e l a t e d  t o  5 by t h e  following t ransformation 
\ 

~ ( o )  = A ( 0 )  i( - X ( o ) J  

For 
i '  

rro 
( 4  1 

(1) " - 0  
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The inverse transformation i s  

(2) 
+ 

N X = A ( 0 )  2 (0) + & ( 0 )  

such t h a t  

(3 1 
+ 

A ( 0 )  A ( 0 )  = I1 

where A+ i s  the  a d j o i n t  of the ma t r ix  Z and X I  is t h e  i d e n t i t y  

matr ix .  I n  a similar fashion we may o b t a i n  t h e  transformation 

between X and 2 (n), t h e  normal coordinate  vec to r  a s s o c i a t e d  with 

the  e l e c t r o n  state n .  The r e l a t i o n s h i p  i s  

‘v 

-7 

where A (n) i s  the n - s t a t e  matrix equ iva len t  o f  A ( 0 )  and 

X (n )  r ep resen t s  t h e  n - s t a t e  equi l ibr ium configurat ion.  The 

i nve r se  t r a n s  formation is 

rv 

+ 
cy x = A (4 3 (4 + & b > Y  

where 

+ 
A (n) A (n) = I1 

I n  o r d e r  t o  o b t a i n  a r e l a t i o n s h i p  between N q ( 0 )  and CJ (n) 

w e  e l i m i n a t e  X between E q s .  (2 )  and (5). The r e s u l t  is: - 
cy q (n) = B (n,o> 3 ( 0 )  - AS bye) 

B (n,o) = A(n) A+(o) 

(7 ) 

where 

(8) 

and 
r 1 
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Since A (n) and A ( 0 )  are  u n i t a r y ,  it follows from Eq. (8) 

t h a t  B (n ,o )  i s  un i t a ry .  From E q .  (7)  we see t h a t  the e x c i t e d  s t a t e  

normal coordinates  can be obtained from the  ground s ta te  s e t  by 

u n i t a r y  t ransformations.  And i n  t h i s  sense the  ground s t a t e  s e t  

ac t s  as a b a s i s .  There is  one o t h e r  r e l a t i o n s h i p  r equ i r ed  t o  complete 

the  p i c t u r e ,  namely t h a t  between two e x c i t e d  s ta te  normal coordinate  

v e c t o r s ,  say %(n) and A(k).  The inve r se  o f  Eq. ( 7 )  i s ,  
r -! 

S u b s t i t u t i n g  t h i s  r e l a t i o n s h i p  back i n t o  (8) y i e l d s  

N q(n> = B (n,k) rg(k) - Ag(n,k) 

where 

B (n,k) = B (n) B+(k) 

and 
I- -I 

111. Trapping Energy 

We assume t h a t  t o  each bound e l e c t r o n  state,  t h e r e  corresponds 

a l a t t i c e  equ i l ib r ium configurat ion.  I n  accord w i t h  t he  "adiabat ic-  

harmonic" approximation, we expand the  e l e c t r o n  eigenenergy t o  second 

where the  equ i l ib r ium configurat ion i s  defined by 

0 



I n  these  equat ions,  r e p r e s e n t s  the l a t t i ce  configurat ion 

a t  any t i m e ,  R t he  equi l ibr ium configurat ion,  w (n) ,  t he  j t h  phonon 

eigenfrequency and q 

the e l e c t r o n  s ta te  n. 

2̂1 j 
(n) t h e  j t h  n o r m 1  coordinate  corresponding t o  

j 

We def ine  the t rapping energy for a t r a n s i t i o n  between 

s ta te  r aild s as: 

I n  terms of  Eq. (14), t h i s  may be w r i t t e n  as 

2 2 2 2 = E (R 1 - Es + 1 / 2  C . W .  (r) q r, s r - r  J J  j J 
(r) - 1 /2  C j w j  (s)  9 .  (s) 

T h i s  equat ion may be expressed e n t i r e l y  i n  terms o f  the s - state  

normal coordinates ,  q (s), by means of  Eq. (11). The r e s u l t s  is:  
j 
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where b 

def ined by Eq. (12). 

from the  "s -s ta te"  equi l ibr ium conf igura t ion  CJ (s) = 0, Eq. (18) 

reduces to:  

( r , s )  r ep resen t s  t he  jk th  element of the  matr ix  B (r,s) 
j k  

If the t r a n s i t i o n  proceeds v e r t i c a l l y  upward 

N 

This corresponds t o  absorpt ion i n  which t h e  amount of energy s t o r e d  

i n  the  " r - s t a t e "  l a t t i c e  is :  

1/2C w . 2 ( r )  AQ.'(r,s) 
j J  J 

It is a l s o  poss ib le  t o  express  Eq. (17) i n  the terms of 

t h e  "r-state" normal coordinates ,  q (r), by means of Eq. (11). 

i n g  the  same procedure as ind ica ted  above we f i n d  t h a t  i f  t he  t r a n s i t i o n  

proceeded v e r t i c a l l y  downward from the  "r-state" equi l ibr ium con- 

f i g u r a t i o n ,  cJr) = i, then 

Follow- 
j 
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' I  

This  corresponds t o  emission i n  which t h e  amount o f  energy s t o r e d  i n  

t h e  "s-state" la t t ice  is: 

2 2 1/2C. w. (s)  AQj ( syr )  
J J  

The Stokes S h i f t  i s  simply the d i f f e r e n c e  between Eqs. (19) and (20), 

namely 

2 2 2 2 AE = 1 /2c  w.  (r) AQ. (r,s) + 1/2C w (s) A Q .  (s,r) 
j J  J j j  J 

Figure 1. i l l u s t r a t e s  t h e  above i d e a s  i n  a one dimensional con- 

f i g u r a t i o n  coordinate  diagram. 

I f  we assume the ex i s t ance  of  e f f e c t i v e  frequencies  

a s s o c i a t e d  with these  states ( 5 , 6 ) ,  then Eq. (23) reduces t o  

n 

where - 

The Stokes S h i f t  as descr ibed by Eq. (24) is o f  t h e  c o r r e c t  o r d e r  

of magnitude f o r  the F-center,  i n  t h e  alkali h a l i d e s .  Details of 

the c a l c u l a t i o n  are dis,cussed i n  Sec t ion  V. 



. 
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I V .  H u n g  - Rhys Factors  

I n  t h i s  s ec t ion ,  we develop a r igorous formulation of t he  

Huang-Rhys f a c t o r s  f o r  t h e  absorpt ion and emission of  l i g h t  by 

deep e l e c t r o n  t r a p s .  W e  shall concentrate on ver t ic le  t r a n s i t i o n s  

between two bound states s, and r .  Once the general  form has been 

cons t ruc t ed  t h e  s p e c i a l  case o f  the  F-band w i l l  be considered. 

Here t h e  important states are "s-l ike" and "p-like". 

l i n e s  f o r  such a c a l c u l a t i o n  have been l a i d  o u t  i n  a r e c e n t  

p u b l i c a t i o n  .(8) Accordingly we def ine t h e  f a c t o r s  f o r  abso rp t ion  

and emission as: 

The guide 

and 

-1 S = c CY N j ( s )  
e j  

Here N . ( s , r )  and N . ( r , s )  r ep resen t  t h e  number of phonons s t o r e d  i n  the 

j t h  l a t t i c e  modes corresponding t o  t h e  trapped e l e c t r o n  states r, 
J J 

and s, r e s p e c t i v e l y  and CY i s  a weighting f a c t o r  def ined as: 
j 

From E q s .  (20) an4 (22) 

2 N j ( r )  = u (r) AQj  (r,s)/2h 
j 
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. 

and 

and 

-1 se = c j ,k , a  Qlj coj(s) a (')jk a(s) ja  mok(S,r)  m0Q(SSr)/2h 

(31) 

where we have used E.;.(13) i n  component form. 

completely genera l  expressions fo r  t h e  Huang-Rhys f a c t o r s  w i th in  t h e  

framework of the "adiabatic-harmonic" approximation. 

Eqs. (30) and (31) are 

I n  order  t o  compare these  r e s u l t s  with those prev ious ly  publ ished,  

w e  in t roduce  t h e  fol lowing parameter: 



- l0l- 

. 

. 

From E q .  (18) and t h e  companion 

coordinate  q . ( r ) ,  we have 
"J 

equation expressed i n  terms of  the  

From these equat ions and t h e  u n i t a r y  c h a r a c t e r  o f  t he  b 

can e a s i l y  determine t h e  inve r se  r e l a t i o n s h i p s  f o r  t he  AQ ' 9 .  

S u b s t i t u t i n g  t h e  AQ.'s as thus determined i n t o  Eqs. (30) and (31) 

y i e l d s  t h e  following results: 

' s ,  one 
jk 

j 

J 

(35) 
and 

.. ..I.cAL. A,-...- thc b The reader will notice that  

i f  t h e  ex i s t ance  oE e f f e c t i v e  frequencies i s  assumed, then E q s .  (35) 

'E sre  asstz~ed EO he reil, 
jk 

a n d  ( 3 6 )  a g r e e  i d e n t i c z l l y  -&th t he  previous pabl lshed r e s u l t s .  ( 8 )  
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. 

The c o n t r a s t  between the two r e s u l t s  may be f u r t h e r  

i l l u s t r a t e d  by consider ing the F-center i n  t h e  a l k a l i - h a l i d e s  . 
assume a t i g h t  binding approximation, 

t o  t h e  i n t e r a c t i o n  between the F-center e l e c t r o n  and i t s  n e a r e s t  

neighbors.  This seems t o  be a reasonable f i r s t  approximation i n  

l i g h t  of  E q s .  (30) and (31). 

i t i o n s  take p lace  between "s-like" and "p-like" s ta tes .  On t h i s  

b a s i s  i t  has been shown i n  reference (8) that: 

We 

and res t r ic t  our a t t e n t i o n  

A l s o  we s h a l l  assume t h a t  t h e  t r ans -  

f o r  all v a l u e s  of k Using t h e  r e s u l t s  of  t he  B-Matrix 

descr ibed i n  t h e  Appendix, Eqs. (35) and (36) reduce to :  

1,3. 

and 

Here 

(39) 
2 -1 

'e = c  j=l, 3 [2bj (P)u .2(s ) ]  J e j  (p) + A2Fe 
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and 

and A is  a l a t t i c e  d i s t o r t i o n  parameter of  o rde r  4 x 

A comparison o f  E q s .  (38), (39) and t h e  forms used i n  r e fe rence  (8) 

shows that they ag ree  e x a c t l y  i f  terms of orde r  A are ignored. Thus 

the p resen t  formulation includes t h e  previous one as a s p e c i a l  case.  

There i s  one o t h e r  d i s t i n c t  advantage. The determination of  t he  Hung- 

Rhys f a c t o r s  i n  the  present  formulation, involves  e s s e n t i a l l y  one piece 

of information, namely the la t t ice  equ i l ib r ium configurat ion as a 

func t ion  o f  F-center e l e c t r o n  state. Once t h i s  i s  known, then, i n  

p r i n c i p l e  a t  least, the eigenfrequencies and the eigenvectors  can be 

determined. 

matrices. But t h i s  solves t h e  problem. I n  c o n t r a s t ,  t h e  previous 

formulation involved the  determination of Feynman-Hellman i n t e g r a l s ,  i n  

a d d i t i o n  t o  t h e  normal mode c a l c u l a t i o n s  ind ica t ed  above. 

angstroms. (10) 

2 

With t h e  eigenvectors  one may then cons t ruc t  t he  A and B- 

V. Numerical Resu l t s  

I n  t h i s  s ec t ion ,  a l l  c a l c u l a t i o n s  w i l l  be based on a t i g h t  

b ind ing  a p p r o x i m t i o n .  

i n t e r a c t i o n s  are local i ,zed i n  the v i c i n i t y  o f  the trapped F-center 

e l e c t r o n .  

posses s ing  0 

symmetry i n  t h e  e x c i t e d  s ta te  (p - l ike ) .  

This approximation i s  discussed i n  more detai l  i n  t h e  Appendix. 

We assume t h a t  t h e  dominant electron-phonon 

(8) Therefore, w e  treat t h e  cen te r  e s s e n t i a l l y  as a molecule 

symmetry i n  the e l e c t r o n  ground s ta te  ( s - l i ke )  and D h 4h 

Figure 2 .  i l l u s t r a t e s  t he  model. 
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The ca l cu la t ions  t o  be considered a r e  (a)  the  number of 

s to red  phonons, (b) t h e  Huang-Rhys f a c t o r s ,  and (c )  t he  Stokes S h i f t  

f o r  the  F-center i n  var ious  alkali h a l i d e s .  

Gebhardt and Kuhnert 

The experimental  r e s u l t s  of  

f o r  the  F-center absorp t ion  and emission 

half-widths  and e f f e c t i v e  frequencies will be used. I n  add i t ion  use 

w i l l  be made of  t he  t h e o r e t i c a l  r e s u l t s  of  Wood & Joy f o r  t he  l a t t i c e  

d i s t o r t i o n .  

S tored  Phonons 

From E q s .  ( 2 8 )  and (29), t he  number of  phonons s t o r e d  i n  the  j t h  mode 

o f  the l a t t i c e  f o r  t he  "p-like" e l e c t r o n  s t a t e  is: 

2 
Nj(P) = U j ( P )  AQj (P ,S ) / f i  

and f o r  t he  "s- l ike"  state is: 

The A Q . ' s  as def ined by Eq. (13), a r e  func t ions  of  t h e  appropr ia te  A- 
J 

mat r ix  and the  equi l ibr ium displacement coord ina tes .  

a r e  shown i n  t h e  appendix and the displacement coordinates  are known 

from reference  (''I., For a l l  of t he  a l k a l i  h a l i d e s  considered, there  are 

on ly  two non-vanishing AQ 's, namely AQ, and AQ,. However, AQ,/AQ3Z 50. 

The matr ices  

j 

This  i n d i c a t e s  t h a t  an e f f e c t i v e  mode approximation i s  i n  e r d e r .  Tfiis 

mode i s  the  A 

mode of t he  D 

mode of  t he  Oh group f o r  t h e  "s - l ike"  s t a t e  and the  A 

group f o r  t he  "p-like" s t a t e .  ( 8 )  A s  a r e s u l t  E q s .  ( 4 2 )  
I g  Ig 

4h 

and ( 4 3 )  reduce to :  
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.. 

(44 1 

(45) 

Here M (p) and M (s) represent  the  e f f e c t i v e  alkali  ion mass and 

w(p) and w(s), t h e  e f f e c t i v e  l a t t i c e  frequency i n  t h e  "p-like" and 

" s - l i ke"  s t a t e  respec t ive ly .  AX i s  simply t h e  d i f f e rence  between 

t h e  equi l ibr ium pos i t i ons  of the k t h  ion  as measured i n  the  "p-like" 

and "s- l ike"  state. 

+ + 

k 

E f f e c t i v e  Masses 

I n  order  t o  determine M (p) and M (s) we must consider  t h e  + + 
h a l f  widths of t h e  F-bands. The abso rp t ion  and emission h a l f  widths 

( ex t rpo la t ed  to O°K) as formulated by Klick(12)and Luty and Gebhardt (6) 
P 

a r e  : 

2 
Habs = (8 I n  2) ~ ( s )  w(p) N(a) ](Ke/K ) (46a) 

li 

and 

where 
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Here K and K 

sp r ing  constants  and X 

N (a) and N (e) are t h e  number of phonons s to red  i n  t h e  e x c i t e d  and 

ground s t a t e  l a t t i ce .  

t he  e x c i t e d  s t a t e  with a "p-like" s ta te ,  and the  ground s ta te  with 

and "s-like" state .  

r ep resen t  t h e  e f f e c t i v e  e x c i t e d  and ground state 
e g 

and e f f e c t i v e  l a t t i ce  displacement. 
0' 

It should be noted t h a t  we are i d e n t i f y i n g  

From Eqs. ( 4 6 )  and (47) t he  following r e s u l t  i s  obtained 

and 

There f o r e  

(48 )  

Since t h e  "s-like" F-center wave func t ion  is b a s i c a l l y  &Localized .- -. 
w i t h i n  t h e  space def ined by the s i x  n e a r e s t  neighbor ions";", we assume 

w i t h  Luty t h a t  M+(s) 2 K+, the mass o f  t h e  alkali ion.  



Determination of %(AXk> z 

. 
I n  t h e  F-center ground s t a t e ,  t h e  s i x  n e a r e s t  neighbor ions  are 

r a d i a l l y  displaced by a n  amount, 6,  toward t h e  c e n t e r  so t h a t  t h e  

symmetry remains as 0 

The two p a r t i c l e s  l o c a t e d  on the C 

l ( b ) ,  are displaced r a d i a l l y  outward by 6' and the fou r  remaining 

ions ,  by 6'1. 

r e l a t e d  t o  those used by Wood and Joy by t h e  a p p r o p r i a t e  n e a r e s t  

I n  the exc i t ed  s ta te  t h e  s p e t r y  is D 
h '  4h. 

axis, ( p a r t i c l e s  5 and 6 i n  Fig.  4 

2 

The 6's we use r e f e r  t o  actual displacements and are 

neighbor d i s t ance .  Using t h e i r  r e s u l t s  and those we have derived 

i n  the  appendix y i e l d s  t h e  following expression: 

Ck (pXk)2 = 4A12 + 2A2 2 

where 
c . 

Al = - 6 and h 2 = 6 2  - 6  

It should be noted t'mt we are using the  convention that outward dis-  

placements are p o s i t i v e .  Thus 6 is  a c t u a l l y  a nega t ive  number. 

I n  o r d e r  t o  compare our  r e s u l t s  w i t h  t h e  r e c e n t  experiments of 

Gebhardt and Kuhnert, we  first consider t h e i r  formulation of  the h a l f  

width equat ions,  a t  O°K,namely 
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. 

and 2 \2 1 
Hem = (8 an 2)  ~ A U ( S ) /  S’ a 

Comparing these  Eqs. w i th  Eqs. (46), we f i n d  t h a t  
r 

= iw(p )  Hem/m(s) Habs ‘a 

Since a l l  of the  t e r m s  on the r i g h t  hand s i d e  

determined exper mentally,  N and N are spec 

i s  t h e r e f o r e ,  with Eqs. (55) and (56) t h a t  we 

r e s u l t s  f o r  the number of s t o r e d  phonons. 

a e 

(54) 

(55) 

of  t hese  equat ions are 

f i e d  experimentally.  It 

compare ou r  ca l cu la t ed  

A comparison between t h e  Huang-Rhys f a c t o r s  a s  t h e o r e t i c a l l y  

c a l c u l a t e d  and a s  determined experimentally by Gebhardt and Kuhnert i s  

n o t  poss ib l e .  This i s  because of a n  i n c o n s i s t e n t  i n t e r p r e t a t i o n  of  

t h e s e  f a c t o r s  i n  t h e i r  work. 

w i t h  t h e  Hung-Rhys f a c t o r s .  

publ icat ion(8)and it is  evident  from Eqs. (55) and (56) t h a t  t h i s  &s 

n o t  t he  case. This f a c t  nray account f o r  t h e  d i s p a r i t y  between t h e i r  

They i d e n t i f y  the number of  s t o r e d  phonons 

It has been pointed o u t  i n  a r e c e n t  

r e s u l t s  f o r  t he  H-ng-Rhys f a c t o r s  and o t h e r  au tho r s  (6,14,15). The 

H1.~a1lg-Rhys factcrs f o r  t h e  a l b l i  ha l ides  c~ns idered  ir. Table l s b o d d .  

be a p p r o x i m t e l y  30?5 f o r  absorpt ion and the  emission va lues  are n o t  

expected t o  be s i g n i f i c a n t l y  d i f f e r e n t  
(6,14-16). 
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. 

To determine the  Stokes S h i f t ,  we use  Eq. ( 2 3 )  t oge the r  with Eqs. ( 4 2 )  

and ( 4 3 ) .  The r e s u l t ,  i n  t h e  e f f e c t i v e  mode approximation is, 

I n  a conf igu ra t ion  coordinate  scheme, t h i s  i s  simply t h e  d i f f e rence  i n  

peak ene rg ie s  between the  absorpt ion and emission F-bands. 

resu l t s  of  our  c a l c u l a t i o n s  are displayed i n  Table 1. From t h i s  t a b l e  

w e  see t h a t  the ca l cu la t ed  results are i n  f a i r  agreement with e x p a  L . . i n t .  

O r  t h e  bases of our  "molecular" model and t h e  accompanying s i m p l i f i c a t i o n s  

t h i s  i s  the most t h a t  could be r e a l i s t i c a l l y  expected. There are s e v e r a l  

f e a t u r e s ,  however, which are worth n o t i c i n g .  F i r s t ,  t h e  e f f e c t i v e  masses 

are funct ions o f  t h e  F-center e l e c t r o n  state. These masses are introduced 

i n  a n  at tempt  t o  account f o r  d i f f e rences  i n  the  trapped electron-phonon 

i n t e r a c t i o n s .  Since such i n t e r a c t i o n s  are c l e a r l y  dependent on t h e  

e l e c t r o n  s ta te ,  t h i s  r e s u l t  i s  not s u r p r i s i n g .  Secondly, we see t h a t  the 

c a l c u l a r e d  values  f o r  t h e  number of phonons s t o r e d  i n  t h e  exc i t ed  state 

l a t t i c e ,  N(p). 

t h e  c a l c u l a t e d  va lues  of  t h e  Huang-Rhys f a c t o r s  are of the c o r r e c t  o r d e r  

o f  magnitude. F ina l ly ,  t he  ca l cu la t ed  Stokes S h i f t s  are c o n s i s t a n t l y  low 

by roughly 30 t o  40 per  cen t .  

mode formulation. ,Recen t  r e s u l t s  i n d i c a t e  t h a t  modes o t h e r  than the simple 

%.---A (17 $18) 
U L C ~  &ing mode should be included i n  these  F-center c a l c u l a t i o n s  

The numerical 

This  i s  i n  agreement with the  experimental  r e s u l t s .  Thirdly,  

We f e e l  that t h i s  i s  a r e s u l t  of our  s i n g l e  

Th i s  problem is  discussed f u r t h e r  i n  t h e  next  s e c t i o n .  
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Summary Discussion o f  Resul ts  

On t h e  b a s i s  of  a n  "adiabatic-harmonic" approximation i t  has  been 

shown t h a t  the trapped e l e c t r o n  eigenenergy f o r  any s ta te ,  n, may be 

represented i n  terms of a b a s i s  set of  normal coordinates .  

formations r e l a t i n g  d i f f e r e n t  sets of n o r m 1  coordinates  have been 

developed. These t ransformations are u n i t a r y  and depend on the l o c a l  

symmetry o f  the l a t t i ce  surrounding t h e  t r a p .  U t i l i z i n g  these  t r ans -  

formations,  we have derived general  forms f o r  t h e  (a) the  number of s t o r e d  

phonons, (b) the Stokes S h i f t ,  and (c) t h e  Huang-Rhys f a c t o r s .  

The t r ans -  

E x p l i c i t  c a l c u l a t i o n s  w e r e  then c a r r i e d  o u t  f o r  a t i g h t  binding 

model o f  t h e  F-center i n  t h e  alkali h a l i d e s .  

d a t a  it w a s  found t h a t  t h e  major con t r ibu t ion  t o  terms (a), (b) and (c) 

above, came from t h e  A 

("p-like" state) groups. 

mode i n  t h e  "s-l ike" state and t o  a per turbed b rea th ing  mode i n  t h e  

"p-like" state.  

With p resen t ly  available 

modes o f  the Oh ("s-like" state) and the  D 
1g 4h 

These modes correspond t o  a pure b rea th ing  

Although t h e  numerical r e s u l t s  o f  t h e  c a l c u l a t i o n ,  shown i n  Table 1 

i n d i c a t e  approximate agreement with experiment, the ca l cu la t ed  Stokes'  

S h i f t s  are c o n s i s t a n t l y  low. 

i n h e r e n t  d i f f i c u l t y  i n  t h e  one-dimensional configurat ion coordinate  scheme. 

On such a b a s i s ,  t h e r e  seems t o  be no c o n s i s t e n t  way of  i n t e r p r e t i n g  

bo th  abso rp t ion  and emission phenomena. We f e e l  t h a t  t h e  discrepancy i n  

the S ; ~ k c s  S h i f t  arises p r i i i ~ r i l y  froin a f a i l u r e  to take into account a l i  

o f  the important modes. A s i g n i f i c a n t  (20%) v a r i a t i o n  i n  t h e  d i s t o r t i o n  

parameters  would most c e r t a i n l y  b r i n g  i n  o t h e r  s i g n i f i c a n t  model con- 

t r i b u t i o n s .  

v a r i a t i o n  may indeed e x i s t .  

Apparently, t h i s  i s  a manifestat ion of a n  

very recen t  work by R. F .  Wood i n d i c a t e s  t h a t  such a 
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The agreement between o u r  c a l c u l a t i o n s  and the  experimental 

r e s u l t s  i s  r a t h e r  su rp r i s ing ,  e s p e c i a l l y  i n  t h e  case of emission. It 

should be r e c a l l e d  t h a t  we  used t h e  t i g h t  binding approximation o f  t h e  

F-center f o r  both absorpt ion and emission. While such an approximation 

of t h e  F-center f o r  both absorpt ion and emission. While such a n  

approximation may be v a l i d  f o r  absorpt ion,  it is  c e r t a i n l y  quest ionable  

i n  the  case o f  emission. 

charge d i s t r i b u t i o n  apparent ly  spreads over  several la t t ice  cons t an t s  . 
Therefore one expects  t h e  l o c a l i z e d  electron-phonon i n t e r a c t i o n  assumed 

i n  the t i g h t  binding approximation t o  break down. Of course i t  i s  s t i l l  

p o s s i b l e  t h a t  t h e  lat t ice d i s t o r t i o n  remains l o c a l i z e d ,  i n  which case 

our  formulation f o r  the emission processes should be v a l i d .  This remains 

a n  open quest ion.  

This is because t h e  relaxed "p-like" e l e c t r o n i c  

(19) 

I n  conclusion, there is  no i n t r i n s i c  reason t o  restrict the  p re sen t  

formulation t o  deep e l e c t r o n  t r a p s  such as t h e  F-center. 

i n  KC1, N a C l ,  and KBr merely provided convenient systems on which t o  test  

o u r  a n a l y s i s .  

o r  e l e c t r o n  i n  which the primary processes are e l e c t r o n i c .  

i n  which we are p r e s e n t l y  i n t e r e s t e d  i s  t h e  determination of  t h e  e n t r i e s  

l i s t e d  i~ T2bI.p 1. ' f ~ r  tk system KC1:TI Klick ~ i i d  ~ G - ~ ~ ~ k ~ i ~  have shown 

The F-center 

The equat ions developed should apply t o  any deep t r a p ,  h o l e  

One problem 

t h a t  t h e  system cannot be i n t e r p r e t e d  on t h e  b a s i s  o f  a simple one dim- 

s n s i o n a l  conf igu ra t ion  coordinate diagram. Our formulation i s  i n  no way 

r e s t r i c t e d  t o  such a scheme. Furthermore, although t h e  T1 i on  is  l a r g e  

i t s  charge d i s t r i b u t i o n  i s  apparent ly  q u i t e  l o c a l i z e d  i n  both the ground 

and e x c i t e d  states. This means that t h e  problem should even be amenable 

to o u t  t i g h t  binding approximation. 

+ 
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APPENDIX I 

c 

The m t r i x ,  A ( O ) ,  corresponding t o  a n  "s-l ike" pround s ta te  f o r  t he  F-center 

has been determined (21) . I n  add i t ion ,  a r e c e n t  article(8) descr ibes  the tech- 

nique f o r  ob ta in ing  A(n), t he  matrix corresponding t o  a "p-like" exc i t ed  state 

o f  t he  F-center.  I n  t h i s  appendix we shall simply sketch t h e  method and wr i te  

down the resu l t s .  

I n  the harmonic approximation, the p o t e n t i a l  funct ions f o r  a 

system o f  i n t e r a c t i n g  n u c l e i  and e l e c t r o n s  is: 

Here X .  r ep resen t s  t h e  i t h  component of a 3N - dimensional, mass 
1 

normalized, i on  displacement ~ e c t o r ( ~ ) c o r r e s p o n d i n g  t o  the e l e c t r o n  state n . 
R r e p r e s e n t s  the corresponding equi l ibr ium conf igu ra t ion .  

Equation (1) may be wr i t t en  i n  matrix form as 

--n 

v = 112 x v  x 
N N  

where t h e  meaning of t h e  terms should be clear from a comparison with 

Eq. (1). 

state n as follows: 

We introduce a normal coordinate v e c t o r  %(n) corresponding t o  t h e  

N q(n) = A (n) & ( 6 W  

The i n v e r s e  r e l a t i o n s h i p  is: 

.* cy x .= A + ( ~ I  3 (n) 

+ where A (n) is t h e  conjugate transpose of  A, such t h a t  

+ A(n) A (n) = IS  
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I n s e r t i n g  t h i s  information back i n t o  (2) y i e l d s  

V = 1/2 h q,  where 
hl 

h i s  t h e  diagonal ma t r ix  determined by 

I n  e x p l i c i t  form Eq. (6) becomes 

2 2 V = 1/2 C. a. (n) q .  (n) 
J J  J 

We now restrict our considerat ion t o  t h e  t i g h t  binding approximation 

o f  the F-center"). The important i n t e r a c t i o n s  are assumed t o  take p l ace  

w i t h i n  t h e  c l u s t e r  o f  p a r t i c l e s  surrounding t h e  F-center e l e c t r o n .  Figure 2 

i l l u s t r a t e s  the model i n  both t h e  ground and e x c i t e d  states. 

o f  t he  core  p a r t i c l e  i s  discussed i n  reference(8).  

The s i g n i f i c a n c e  

The coupling cons t an t s  

between the ions  i s  K and t h a t  between the  ions  and t h e  co re  p a r t i c l e  is 
g,u' 

K' depending on t h e  e l e c t r o n  state (ground, g;  exc i t ed ,  u ) .  The ground 
gsu 

state normal modes f o r  this model have been determined, and the corresponding 

e x c i t e d  state c a l c u l a t i o n  has been ou t l ined .  (8) 

I n  t h e  p r e s e n t  case we a r e  i n t e r e s t e d  only i n  t h e  eigenvectors ,  

which of course, determine the  matrices A(0)  and A(n)* - The c a l c u l a t i o n  is 

s i m p l i f i e d ,  although n o t  e s s e n t i a l l y  changed, by assuming t h a t  t he  K's vanich 

i s  bo th  t h e  ground and e x c i t e d  states. The r e s u l t i n g  matrices are shown i n  

F i g s .  3 and 4 and the corresponding elements are given i n  Table 2 and 3 .  

should be noted that: ternis of  o r d e r  An, when n >1, have been neglected.  

It 

The eigenfrequencies  may.be determined from Tables 1 and 2 of r e fe rence  (8) 

# \ -  
by s i q l y  l e t t i n g  v, -0. me reader will nota  that 

l imA(p)  5 A(s) 
A+o 

l i m  w (p) = wj(s) 
and 

VChe d i s c r e e t  eigenfrequency spectrum has been e s t a b l i s h e d  f o r  both t h e  

e x c i t e d  and groand s ta te  i n  reference 

r k o j  

(8) . 
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c 
which ind ica t e s  t h a t  the r e s u l t s  a r e  a t  least cons i s t en t .  

The matr ix  B, which is i l l u s t r a t e d  i n  Fig.  3 is  determined by 

the  r e l a t i o n s h i p  

B(P,S) = U P )  A + b >  ( 6 W  

It can be seen from inspec t ion  t h a t :  

where I i s  the  i d e n t i t y  mat r ix  and I( i s  an anti-symmetry matris of 

order  A. F ina l ly  it is not  d i f f i c u l t  t o  see t h a t  

BB+ = I ( 6 W  

2 where terms of  order  A 

o f  approximation. 

a r e  neglected - This i s  c o n s i s t e n t  without scheme 
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